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ABSTRACT 
IMPLEMENTATION OF MEDICINAL LEECH PREPARATION TO INVESTIGATE THE 
CONNECTION BETWEEN THE MOTOR NEURON AND MUSCLE FIBER VIA SHARP 
ELECTRODE ELECTROPHYSIOLOGY 
Chandra Nikole Miller 
 
There are forty registered organophosphates in the United States and they range from pesticides 
and insecticides to nerve agents or neurotoxins such as sarin.  Organophosphates (OP’s) have been used 
in chemical warfare for years and tend to lead to death due to an attack on the nervous system.  Chemical 
assays and mass microscopy have been used to assess the concentration of OP’s in the environment, but 
both methods require the body to metabolize the OP first, which can be detrimental to the victim.  It is 
crucial to come up with a method to investigate and detect these neurotoxins without causing harm first.   
There have been several studies presented in the literature that use medicinal leeches and sharp 
electrode electrophysiology to study the function of the motor end plate.  Kuffler, Potter and Stuart have 
all conducted studies using the medicinal leeches to do so.  They mapped out the cells within the leech 
ganglion as well as created an atlas of the entire leech anatomy, and demonstrated the electrical 
connection between the motor neuron and longitudinal muscle fibers.  Using the knowledge they have 
provided, a medicinal leech and sharp electrode electrophysiology can be used to investigate the effects of 
organophosphates on the nervous system.  Before this can be achieved a dissection preparation must be 
implemented that can be utilized in electrophysiological experiments and that demonstrates the electrical 
connection between the motor neuron and muscle fibers.    
This thesis outlines the implementation of the medicinal leech dissection preparation described 
above.  The preparation removes one ganglion from the leech, leaving the roots attached to the portion of 
the muscle wall it innervates.  To demonstrate the preparations validity, sharp electrode electrophysiology 
is performed using a current clamp and discontinuous single electrode voltage clamp (dSEVC).  A current 
pulse stimulates the motor neuron and a voltage recording is obtained from the ganglion as well a current 
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recording from the muscle wall.  The electrical connection is therefore demonstrated.  This dissection 
preparation and electrophysiology experiment are written up in a procedural manner so that another 
individual could repeat the experiment.  The next logical step would be to use these procedures to perform 
OP nerve agent experiments to investigate the effect of OP’s on the neuromuscular junction.     
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CHAPTER 1 
INTRODUCTION 
 There have been several studies presented in the literature that have used medicinal leeches to 
investigate the electrical and physiological properties of neurons.  Leeches were used because of their 
simple nervous system.  Some of these studies simply mapped the nervous system and the cells within the 
ganglion while others performed experiments to analyze the electrical nerve conduction.  In 1963, 
Stephen W. Kuffler and David D. Potter published a paper that summarized the physiological properties 
and neuron-glia relationship in a medicinal leech.  The paper’s goal was to provide a “preparation in 
which the glial cells are large and accessible” so Kuffler and Potter could investigate the glial relationship 
to nerve cells and the electrical conductances [13].  Later in 1977, Damien Kuffler published another 
paper to further investigate the neuromuscular transmission in longitudinal muscles of the leech [14].  
Acetylcholine was applied to the muscle fibers to cause a depolarization so Kuffler could look at the 
excitatory fibers and their potentials.  Kuffler’s papers talked about the nerve and glial cells, and about the 
electrical conductivity of the muscle fibers in a leech, but he did not discuss the electrical connection 
between the glial cells and muscle fibers.  Furthermore, Ann E. Stuart in her 1969 and 1970 publishings 
demonstrated excitatory and inhibitory motor neurons in the central nervous system of the leech using 
sharp electrode electrophysiology [15; 16].  Among other cells, she showed the location of the L cell and 
its conduction pathway down the roots to innervate the muscle fibers.  Stuart’s work has allowed other 
electrophysiology experiments to be performed to trace the synaptic connections between the sensory and 
motor cells and study physiological properties.   
With their work, several other electrophysiology experiments have been performed on medicinal 
leeches to study the nervous system and physiological properties.  It would be greatly advantageous to use 
sharp electrode electrophysiology to study the effects of organophosphate neural toxins on the nervous 
system.  In the past, methods such as mass spectroscopy and chemical assays have been used.  These 
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methods require metabolism of the agent, and tend to be time consuming and impractical from the 
perspective of mitigating a threat.  Development of a portable device that is fast and efficient would be 
useful for emergency situations where organophosphate neurotoxins may be present.  To do so, more 
research needs to be conducted on the effects of such organophosphates on the nervous system.  Sharp 
electrode electrophysiology on leeches can be used to validate a model of the level of physiological threat 
of organophosphate based neural toxins to an organism’s nervous system.   
These are not easy experiments, especially with leeches.  Leeches are small and their cells are 
small which complicates the process of recording the electrical activity of these cells.  This thesis 
describes the implementation of a medicinal leech preparation to investigate the connection between the 
motor neuron and muscle fibers for such experiments.  The thesis begins with background information on 
cellular physiology, muscle physiology and the synaptic connection between them.  The action potential 
and its properties will be described.  Once the necessary background is reviewed, the Hodgkin-Huxley 
model is introduced.  A brief history of the Nobel Prize winning papers written by Hodgkin and Huxley is 
given followed by the mathematical description of the model.  Before going into experimental methods 
and results, the leech anatomy and dissection protocol will be discussed.  The equipment configuration 
and calibration procedure will be described, followed by a description of the electrophysiology methods.   
Finally, this thesis will provide graphical results and evidence of success of the dissection prep for the 
sharp electrode electrophysiology. 
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CHAPTER 2 
NERVE CELLS (NEURONS) 
 The nervous system is an intricate system that employs electrical and chemical signals to send 
messages from cell to cell.  There are three basic functions the nervous system carries out to process 
information in the body.  
1) Through sensory organs and nerve endings, it receives information about the changes in and 
around the body.   
2) The spinal cord and brain process this information and  
3) The spinal cord and brain issue commands to the muscle and gland cells [2].   
The nervous system has two subdivisions: the central nervous system (CNS), which consists of the brain 
and spinal cord, and the peripheral nervous system (PNS), which consists of all other nerves.  A motor 
and sensory nerve is a bundle of nerve fibers (axons) wrapped in fibrous connective tissue [2].  The PNS 
can be further divided into sensory and motor.  The sensory (afferent) division carries sensory signals to 
the nervous system, the CNS.  The motor (efferent) division carries signals from the CNS to glands and 
muscle cells [1; 2]. 
2.1 Cellular Organization of Neurons in the PNS 
 Neurons in the PNS are complex with long extensions that send and receive information.  Figure 
2.1 will help with understanding the structure of a neuron.  The cell body is the soma which gives rise to a 
tangle of branching processes called dendrites [1].  Dendrites receive signals and pass them down through 
the soma.  The soma is also connected to a thin fiber called the axon that transmits signals over long 
distances.  A soma sits just outside the spinal cord in the dorsal root ganglion (a cluster of cells).  From 
the soma the axon splits into two branches, one goes to the muscle cells and the other goes into the spinal 
cord.  At the end of the axon branches are synaptic knobs used to transmit the signal from the axon to 
other cells [2].  Synaptic knobs will be discussed later. 
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Figure 2.1.  Neuron structure [2]. 
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CHAPTER 3 
CELLULAR SPECIFICS AND NEUROMUSCULAR BACKGROUND 
 Before discussing how a nerve produces a stimulating signal known as an action potential and the 
scope of electrophysiology, there must be an understanding of the makeup of a cellular membrane, and 
the environment in and around a cell.  Cells have to maintain an osmotic and ionic balance to sustain 
homeostatic viability.  The process in which a cell achieves these balances can help explain the electrical 
potentials at the resting and active states of the cell.  The Nernst equation describes the voltage across the 
membrane when each ion that crosses the membrane in one direction due to diffusion is exactly balanced 
by an ion that crosses the cell membrane in the other direction due to drift with the electrical field.  The 
Donnan equation specifies the condition on the membrane potential when two membrane permeable ions 
are at Nernst equilibrium across the membrane.  Similarly, the Goldman equation describes the potential 
across the membrane when there are more than two membrane permeable ions.  
3.1 Intracellular and Extracellular Makeup 
 The first step in understanding how a nerve produces an action potential is to understand the 
material makeup of the fluids inside and outside of the cell, specifically the intracellular fluid (ICF) and 
extracellular fluid (ECF) respectively.  Water makes up about 75% of the weight of the human body, 
where about 55% of the water is inside cells, and about 45% of it is outside cells.  Water accounts for 
99% of the molecules in the body, and the remaining ~0.75% consists of simple organic substances, such 
as sodium, potassium, chloride and calcium [1].  Various concentrations of organic and inorganic 
substances can be found in the ECF and or the ICF.  Table 3.1 below lists the simplified, not all inclusive, 
compositions of intracellular and extracellular fluids for a typical mammalian cell.  The A
-
 substance is 
included to represent the group of membrane impermeable anions made of proteins, amino acids, 
phosphate, phospholipids and inorganic ions, and to show balance between the ECF and ICF. 
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Internal Concentration 
(mM) 
External Concentration 
(mM) 
Membrane 
Permeable 
K
+ 
125 5 Y 
Na
+ 
12 120 N 
Cl
- 
5 125 Y 
A
- 
108 0 N 
H2O 55,000 55,000 Y 
Table 3.1.  Ionic Concentrations in the ECF and ICF [1]. 
 Notice the ECF contains large quantities of sodium and chloride, but only small quantities of 
potassium, and the exact opposite is true for the ICF. These concentrations are crucial for the viability of 
the cell and are the basis for how a nerve produces an action potential.  The right hand column of the table 
indicates whether or not a material can cross the membrane and pass from the ECF to the ICF, or vice 
versa. 
3.2 Cellular Membrane 
 As mentioned above, the cellular or plasma membrane is responsible for determining what can or 
cannot enter into a cell and ultimately controls the generation of an action potential.  The plasma 
membrane is composed of two layers of lipids that can be described as an oily bilayer film of lipids with 
diverse proteins embedded in it.  Typically, about 98% of the molecules in the membrane are lipids, and 
75% of those lipids are phospholipids [2].  Phospholipids are molecules that have a polar region that is 
hydrophilic pointed outward, and a non-polar region that is hydrophobic and pointed inward.  The lipids 
of the membrane provide a barrier between the inside and outside of the cell that prevents free movement 
of ions and molecules.  It is necessary for some substances to pass through the membrane.  Figure 3.1 
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below shows an example of a phospholipid bilayer with the hydrophobic ends oriented inward and the 
hydrophilic ends outward, and proteins dispersed throughout the membrane.   
Figure 3.1. An example of a phospholipid bilayer [1]. 
The remaining 2% of the membrane is composed of protein channels that can attach to just the 
surface or penetrate through the layer creating an aqueous pore or bridge from one side to the other.  
These channels are often selectively permeable to certain substances, and are opened or closed by voltage 
or ligand activated gates.  A voltage gate responds to an electrical potential across the membrane and a 
ligand gate is opened by the binding of another molecule with the protein, causing a structural change in 
the protein molecule.  One of the most important instances of ligand gating is the effect of a 
neurotransmitter, such as acetylcholine.  This binding process of the ligand and the receptor opens the 
gate and can allow specific molecules and ions to pass through.  This process is fundamental to the 
transmission of signals from one nerve to another and from nerve cells to muscle cells [3].  The Hodgkin-
Huxley model is based on voltage gated ion channels, specifically for the sodium and potassium channels, 
which are also crucial for signal transmission.  The sodium channel has two gates, the fast acting “m” gate 
and the slow acting “h” gate, but the potassium channel has only the slow acting “n” gate [1].  The role of 
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the channels and gates in the production of an action potential will be discussed later.  Figure 3.2 shows 
the gates for each channel. 
Figure 3.2. Sodium (left) and potassium (right) gated ion channels [1]. 
3.3 Cellular Function 
 Now that there is an understanding of the make-up of a cell, it is important to understand the 
cellular environment and the conceptual processes involved in producing an action potential.  The 
following sections will discuss such things as osmotic balance across the selectively permeable 
membrane, active and passive transport of ions, and the balance maintained between concentration and 
electrical gradients with a discussion of the Donnan equilibrium, the Goldman equation, and the Hodgkin-
Huxley model. 
3.3.1 Osmotic Balance 
 As mentioned above, the selectively permeable cellular membrane is what maintains osmotic 
balance between the concentration of the ICF and ECF, and this balance is crucial in sustaining cellular 
viability.  This balance can be described in terms of osmolarity and osmosis.  A solution containing one 
mol of dissolved particles per liter of solution is said to have an osmolarity of one osmolar.  The higher 
the osmolarity of a solution is, the lower the concentration of water.  When solutions of different 
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osmolarity are placed in contact through a barrier that allows water to pass through, such as the 
membrane, water will diffuse across the barrier down its concentration gradient to the region where water 
is in lower concentration.  This process is called osmosis [1]. An example of osmosis is a higher 
concentration, or higher osmolarity of particles dissolved in a solution on one side of the cellular 
membrane than on the other side.  Osmosis would involve water
 
moving down its concentration gradient 
to the side with lower concentrations until the concentrations of particles are equal on both sides of the 
membrane.  When there is no net movement of a substance, or the particles associated with a substance 
across the membrane, the substance is at diffusion equilibrium.     
3.3.2 Equilibrium Potential – Nernst Equation  
 Consider an example where the membrane was selectively permeable to only one ion.  Here, 
equilibrium could only be achieved if the repulsive force of the electrical potential due to ionic charge on 
one side negates the diffusion across the membrane.  So to follow the new example, the membrane would 
be permeable to Cl
-
, but not Na
+
.  Since the membrane is not permeable to Na
+
, its mobility is zero.  
Chloride ions are left to move down their concentration gradient from one side to the other, but no 
positive charges will accompany them so negative charges quickly build up on one side.  To reach 
equilibrium, one chloride ion has to move down its concentration gradient for every chloride ion that 
moves down its electrical gradient, resulting in no net movement of ions across the membrane [1].  This 
electrical potential across the barrier can be calculated using the Nernst equation.     
Vion   
  
 
    
       
         
Vion is the Nernst potential for the ion in question; R is the molar gas constant; T is absolute temperature 
in Kelvin and F is Faraday’s constant.  The variables [Cion]o and [Cion]i are the extracellular and 
intracellular ionic concentrations respectively [4].  The Nernst equation applies only to one ion at a time 
and only to ions that can cross the barrier [1]. 
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3.3.3 Space Charge Neutrality 
From the Nernst equation, the variables [Cion]o and [Cion]i  are the initial concentrations on either 
side of the barrier, which are assumed to be static at equilibrium.  These initial conditions are the basis of 
the concept of space charge neutrality or the principle of electrical neutrality.  The principle of electrical 
neutrality states that under biological conditions, the bulk concentrations of cations within any 
compartment must be equal to the bulk concentration of anions in that compartment [1].  Electrical 
neutrality will be used in later sections and examples. 
3.3.4 Donnan Equilibrium 
The Nernst equation defines the equilibrium potential across a permeable barrier for one ion, but 
the Donnan equilibrium equation quantifies the conditions necessary for equilibrium across a barrier 
when two ions are permeable.  For a Donnan equilibrium to hold in animal cells with a permeable 
positive and negative ion, the product of the concentrations of the permeable ions outside the cell must be 
equal to the product of the concentrations of the two ions inside the cell [1].  If equilibrium is to be 
reached, the electrical potential across the barrier must simultaneously balance the concentration gradient 
of the two ions.  This implies that the Nernst potential for both ions must be equal.  The second ion will 
have a negative valance, which can be moved inside the parentheses, flipping the fraction.   
Vion1   
  
 
     
        
          = Vion2   
  
 
     
        
          
Simplifying this gives the following equation 
   
        
           
        
          
or, 
[Cion1]o[Cion2]o = [Cion1]i[Cion2]i. 
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As stated above, this final equation shows the product of the two ionic concentrations on one side of the 
barrier equals the product of the two ionic concentrations on the other side. 
 An example of Donnan equilibrium is potassium (K
+
) and chloride (Cl
-
) in the animal cell 
discussed above.  The cell membrane is permeable to both K
+
 and Cl
-
, therefore 
[K
+
]o[Cl
-
]o = [K
+
]i[Cl
-
]i. 
3.3.5 Goldman Equation 
 The Goldman equation gives the quantative relationship between the membrane potential, ionic 
concentrations and the permeabilities [1].  For a membrane that is permeable to sodium, potassium and 
chloride, the Goldman equation can be written as 
Vm   
  
 
    
    
          
          
   
                           
 . 
In most nerve cells chloride’s affect on the resting membrane potential is insignificant so it can be 
ignored.  For this version, it can also be assumed         is at room temperature and the natural log 
becomes log base ten.  With these two conditions, the Goldman equation can be reduced to  
Vm           
          
   
             
 , 
where b = PNa/PK.  This equation is expressed in terms of the relative permeability of sodium to the 
relative permeability of potassium.  Typically in neurophysiology b = 0.02, that is, PK 50 times greater 
than PNa.  This value can vary with different types of cells, but with b = 0.02 it can be seen why the 
resting potential of a typical cell (-72mV) is closer to the Nernst potential of potassium (-80mV) than to 
the Nernst potential of sodium (+58mV) [1].   
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CHAPTER 4 
CELLULAR PHYSIOLOGY OF MUSCLE CELLS 
 Now that there is understanding of what an action potential is it will be easier to understand how 
a muscle can contract and move the body.  Movement of the body is a result of the contraction and 
relaxation of muscles within the body due to an electrical stimulation or action potential.  A muscle is 
essentially a device for converting the chemical energy of ATP into the mechanical energy of movement 
[2].  There are three types of muscle, skeletal or striated, smooth and cardiac.  For the purpose of this 
experiment, skeletal muscle will be the focus.  This section will describe the structural components of 
muscle and the physiology of a muscle fiber.  
4.1 Structure of Skeletal Muscle 
 Skeletal muscle may be defined as voluntary striated muscle that is usually attached to one or 
more bones and that move and support the skeletal framework of the body.  Under a microscope these 
muscle cells appear to have light and dark transverse bands, or striations as a result of overlapping 
contractile myofibrils [2].  Figure 4.1 below shows the muscle cells at different levels of magnification.  
In mammalian muscles, the individual cells are around 50μm in diameter and are usually as long as the 
entire muscle.  Because of their long length in comparison to other cells, skeletal and other muscle cells 
are sometimes referred to as muscle fibers.   
One muscle cell consists of bundles of still smaller fibers called myofibrils enclosed by a plasma 
membrane called the sarcolemma.  Skeletal muscles get their alternative name of striated muscle because 
of the myofibrils.  Myofibrils have alternating dark and light striations known as A bands, I bands and Z 
lines.  The I bands are light with dark Z lines down the middle and dark A bands separating them.  At 
higher magnifications the internal structure of A bands can be seen.  The outer region of an A band is a 
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lighter region with a faint dark line called the M line [1].   Each segment of a myofibril from one Z line to 
the next is a called a sacromere and is the functional contractile unit of a muscle fiber [2].   
Figure 4.1. Muscle fiber anatomy[1]. 
4.1.1 Striation Patters and Contractions 
Each myofibril is a bundle of parallel protein microfilaments called thick and thin myofilaments.  
Thin filaments are joined at the Z line and span from one M line to the next.  Thick filaments join at the 
M line and span from one Z line to the next within the sacromere.  Figure 4.2 shows the thick and thin 
filaments and their position with respect to the M line and Z line.  When a muscle contracts, the thin and 
thick filaments slide past each other, shortening the sacromere’s length and ultimately shortening the 
muscle.  Relaxation allows the thin and thick filaments to go back to their original position, and allows 
the sacromere to return to its original length.  
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Figure 4.2. Thick and thin filaments relaxed (a) and contracted (b) [1].       
4.1.2 Molecular Composition of Filaments 
 Thick filaments are about 15nm in diameter, and are aggregates of a protein called myosin.  Each 
myosin molecule is shaped like a golf club with a long fibrous tail connected to an ATP binding globular 
head as shown in figure 4.3 below [1; 2].  Thin filaments are about 7nm in diameter and are made up of 
the protein actin.  The filaments also contain two other intertwined proteins call troponin and 
tropomyosin.  Each actin molecule can bind with the myosin heads creating a crossbridge between the 
thin and thick filaments.   When actin combines with the energized myosin, the stored energy in the 
myosin molecule is released and the globular head pivots about its hinged attachment point to the thick 
filament.  Figure 4.3 also shows that the pivoting requires the sliding motion of the thick and thin 
filaments mentioned above.  Here, ATP is responsible for providing energy to cock the head and break 
the bond between the actin and myosin so that the cycle of movement can repeat.  The use of ATP, the 
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cocking of the myosin head and sliding of the filaments to shorten the sacromere together create a muscle 
contraction. 
Figure 4.3.  Sliding filaments with pivoting myosin heads [1].  
4.2 Control of Muscle Contractions 
 It seems that as long as ATP is present, every muscle in the body would be constantly 
contracting, but since this is not the case there must be a mechanism that controls the contractions of 
muscles.  As mentioned above, the thin filaments also contain the proteins troponin and tropomyosin, 
which are responsible for regulating the interaction between the actin and myosin.  In a relaxed muscle, 
tropomyosin covers the myosin binding site on actin.  Here, troponin locks the tropomyosin in the 
blocking position, preventing the sliding effect.  To unlock the tropomyosin, calcium ions come in and 
bind to the troponin [1].  The strong affinity of the troponin for calcium ions is believed to initiate the 
contraction process [3]. 
4.2.1 Calcium Control of Muscle Contraction 
 Similar to the sodium and potassium ions discussed in chapter two, calcium enters the muscle 
cells through voltage-sensitive calcium channels in the plasma membrane.  In the case of muscle 
16 
 
contractions, the calcium comes from an intracellular compartment called the sarcoplasmic reticulum that 
surrounds the myofibrils [1].  These channels are activated by an increase in cytoplasmic calcium 
concentration.  This increase of calcium concentration must come from somewhere other than just the 
sarcoplasmic reticulum.  As shown in figure 4.6, there are transverse tubules that extend into the depths of 
the muscle fiber between the A band and I band from the plasma membrane or sarcolemma to the 
sarcoplasmic reticulum.  This is the point where calcium enters during the depolarizing stage of an action 
potential and goes to the sarcoplasmic reticulum [1].  The details of an action potential and its role in 
muscle contraction will be discussed later. 
Figure 4.6. Transverse Tubules [1]. 
4.2.2 Neural Control of Muscle Contraction 
 Up until this point there has only been discussion of muscle contractions at the level of a single 
fiber, but there is more involved in movement than the contraction of a single fiber.  The synapse or 
connection between a motor neuron and muscle fiber is one for one, meaning a single signal from a motor 
neuron produces a single twitch of a muscle fiber; where motor pertains to a muscle or nerve that 
produces movement [3].  A motor unit is a functional unit consisting of the motor nerve cell along with 
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all the muscle fibers that it innervates.  This means that all the muscle cells in a motor unit contract 
together.  When the nerve controlling a muscle is stimulated, the resulting action potentials in the muscle 
fibers create the sliding interaction in the thick and thin filaments of the individual myofibrils in the 
muscle which shortens the muscle fibers and therefore the whole muscle creating a contraction. 
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CHAPTER 5 
SYNAPTIC TRANSMISSION  
 Now that there is an understanding of the ionic currents through the cell membrane and the 
physiology of muscle cells, it is important to understand how these currents create an action potential and 
transmit information to and from the muscle cell.  The functional connection between a nerve fiber and its 
target cell is called a synapse; when the post synaptic cell is a muscle it is called a neuromuscular 
junction.  The end of the synapse is the synaptic knob or synaptic terminal, and is pressed up against the 
depression in the sarcolemma called the motor end plate [2].  The synaptic knob and motor end plate do 
not actually touch, leaving a gap called the synaptic cleft.  Figure 5.1 shows the structure of the synaptic 
terminal and motor end plate.  There are two classes of synapse: electrical and chemical synapses, both of 
which exist at the point where the input cell, the presynaptic cell comes in contact with the output cell, the 
postsynaptic [1].  For the purpose of this discussion, only the chemical synapse will be described.  
 
Figure 5.1. Chemical Synapse [1]. 
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5.1 The Neuromuscular Junction as a Model Chemical Synapse 
 The neuromuscular junction is probably the best understood chemical synapse.  When an action 
potential reaches the end of the motor neuron nerve fiber, it depolarizes the synaptic terminal and releases 
a chemical messenger, a neurotransmitter stored in synaptic vesicles in the terminal.  There are several 
neurotransmitters, but for the motor end plate it is acetylcholine (ACh) [1; 2].  The ACh diffuses across 
the synaptic cleft and alters the ionic permeability of the muscle cell.  This change in ionic permeability 
then depolarizes the muscle cell membrane. 
5.1.1 Acetylcholine Release  
 As mentioned above, the presynaptic action potential depolarizes the synaptic terminal which 
releases ACh, but this cannot be accomplished without calcium.  The concentration of calcium in the ECF 
is low and is usually not important in most nerve action potentials.  In chapter four voltage-dependent 
calcium ion channels were discussed, these channels also play a role in synaptic transmission.  The 
channels open upon depolarization and the membrane permeability increases.  Because the concentration 
on the interior of the cell is lower than the exterior, the concentration gradient and electrical gradient drive 
calcium into the terminal [1].  This influx of calcium releases ACh and causes a contraction in the muscle 
fiber. 
5.1.2 Acetylcholine’s Effect on the Muscle Cell 
 The whole goal, as implied above, of synaptic transmission at the neuromuscular junction is to 
cause the muscle cell to contract [1].  ACh does so by depolarizing the muscle at the postsynaptic 
membrane.    Recall, the region of muscle membrane where synaptic contact is made is the motor end 
plate.  The motor end plate contains membrane proteins that act like ion channels.  When ACh is released 
from the synaptic terminal, it diffuses across the synaptic cleft to the muscle membrane, where it binds to 
receptors sites associated with the ion channels [1].  Figure 5.2 depicts the membrane with ACh ion 
channels and receptor sites.  It can be seen that in the absence of ACh, the gate on the channel is closed, 
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but when ACh is released two receptor sites must be occupied for the gate to open.  Each channel allows 
Na
+
 to diffuse into the cell and K
+
 to diffuse outward [2].  The sudden ion movement changes the polarity 
of the membrane and creates a depolarization of the muscle.  Muscle cells are excitable cells, therefore 
depolarization will create an all-or-none action potential, and a contraction will occur. 
Figure 5.2. ACh binding sites [1]. 
5.2 Organophosphates as Acetylcholinesterase Inhibitors 
 Organophosphate based nerve agents such as sarin act as acetylcholinesterase inhibitors.  These 
OP’s interact with the acetylcholinesterase, disabling it and preventing it from breaking down the 
acetylcholine.  Acetylcholine is then allowed to build up in the motor end plate gap.  This build up causes 
more intensive and prolonged activation of the receptor cite.  The effects of over stimulation include: 
vasodilation, slower heart rate, constriction of bronchioles and reduction of secretion of mucus in the 
respiratory tract.  If death occurs it is due to asphyxia from respiratory failure [20].  
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CHAPTER 6 
THE ACTION POTENTIAL 
 Membrane potential is the voltage difference across the cell membrane due to the ionic 
concentrations on both sides, and the permeability of the membrane to the specific ionic species [1; 2].  
Electrically excitable cells, like neurons, produce a change in the membrane potential when a current is 
passed through the membrane.  When the supplied current has a sufficient magnitude, a series of events 
occur producing an action potential.  The membrane potential of cells, when they are not transmitting 
nerve signals or are at equilibrium, is called the resting membrane potential.  The potential is negative by 
convention because it is in reference to the intracellular potential, which is more negative that the outside 
of the cell.  Various sources state the resting membrane potential for various sized cells is between -30mV 
and -90mV [1; 2; 3].  There are six fundamental characteristics of an action potential that are associated 
with changes in the ionic permeability of the cell membrane and resulting ionic movement.  The action 
potential is divided into four phases: the resting phase, depolarization phase, repolarization phase, and the 
hyperpolarization or undershoot phase.  During the action potential and a few milliseconds after, it is 
difficult or impossible to stimulate that region of a neuron to fire again.  This time interval is known as 
the refractory period.  Figure 6.1 shows an action potential and will be referenced in the following 
sections. 
6.1 Properties of the Action Potential 
 Specific properties of the action potential lead to its ability to produce the membrane potential 
necessary to carry signals throughout the neuronal structure.  The properties can be divided into the six 
characteristics [1].  These characteristics are listed below. 
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Figure 6.1. Action potential [2]. 
1. Action potentials are triggered by depolarization.  When sodium arrives and enters the cell 
through the membrane, depolarization occurs at the base of the soma, the axon hillock.  This 
happens because the inside of the cell becomes less negative than the outside.  Depolarization 
usually occurs due to external stimuli.   
2. For an action potential to be fired, a threshold level of depolarization must be reached.  
The resting membrane potential for a typical neuron is around -72mV.  To elicit an action 
potential a certain threshold must be reached by depolarizing 10-20mV, therefore reaching     
-50 to -60mV.  Anything less than this threshold will not elicit an action potential. 
3. Action potentials are all-or-none occurrences.  As mentioned before, if the signal does not 
reach the threshold there will not be an action potential.  If it does reach threshold an action 
potential will occur and run to completion.  Therefore, an action potential is an all-or-none 
event. 
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4. An action potential propagates through a neuron without decrement.  As an action 
potential propagates, it travels down the nerve without decrementing, meaning it maintains its 
amplitude regardless of the distance. 
5. The membrane potential reverses sign at the peak of the action potential.  As shown in 
Figure 6.1, the action potential overshoots zero becoming positive.  This causes the inside of 
the cell to become positive briefly and the cell repolarizes towards the original resting 
potential.  Repolarization causes an undershoot of the resting potential. 
6. Before another action potential can occur there is a refractory period.  For 
approximately a millisecond after an action potential, it is impossible for the neuron to fire 
again.  This limits the number of action potentials to about 1000 per second. 
These six properties lead to the overview of the four phases of action potential development.  
These phases are the resting, depolarization, repolarization and refractory phase which will be discussed 
in detail below.  
6.2 Resting Phase 
 The resting phase is the first phase in an action potential when the nerve cell is at a steady state or 
polarized.  Without a stimulus, under normal conditions, the resting potential of a cell is somewhere 
between the Nernst potential for potassium (-80mV) and the Nernst potential for sodium (+58mV) around 
-72mV.  The membrane is more permeable to potassium than sodium which is why the resting potential is 
closer to potassium’s potential.  During the resting phase, the fast “m” gate is closed while the slow “h” 
gate is open and the slow “n” gate is closed.  Figure 6.2 shows the m, n, and h gates at resting potential. 
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Figure 6.2. Gates at the resting potential [1]. 
6.3 Depolarizing Phase 
 It is during the depolarizing phase where the properties discussed above start to unveil 
themselves.  Cell depolarization, due to a sodium influx, initiates the depolarization phase of the action 
potential.  If the depolarization reaches the required threshold, then a series of events leads to the “all-or-
none” nature of the action potential.  The depolarization of the cell membrane opens the fast acting “m” 
gate and starts closing the slow acting “h” gate in the sodium channel while potassium channel’s slow “n” 
gate begins opening [1].  Figure 6.3 shows the state of the gates during the depolarizing phase. 
Figure 6.3. Gates during depolarizing phase [1]. 
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6.4 Repolarizing Phase 
 As the action potential rises above 0mV, reaching approximately 50mV, the sodium gate (“h”) is 
inactivated and begins to close ceasing the influx of sodium ions into the cell [2].  At this point the 
potassium gate (“n”) opens, allowing the efflux of potassium ions which repolarizes the cell [1].  The “n” 
gate remains open until the membrane potential returns to the resting potential.  Figure 6.4 depicts this 
process. 
Figure 6.4. Gates during repolarizing phase [1]. 
6.5 Undershoot Phase 
 When repolarization has finished, the sodium gates close allowing the sodium level to normalize, 
and the potassium “n” gate stays open allowing potassium to leave the cell.  The potassium gates stay 
open longer than the sodium gates; therefore the amount of sodium that enters the cell is less than the 
amount of potassium that leaves the cells.  This causes the membrane potential to drop below the resting 
membrane potential causing an undershoot or hyperpolarization [2].  Figure 6.5 shows the gates for the 
undershoot phase. 
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Figure 6.5. Undershoot phase gates [1].  
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CHAPTER 7 
THE HODGKIN-HUXLEY MODEL 
 Our understanding and methods of modeling neural activity and excitability can be credited to 
Hodgkin and Huxley for their ground breaking work in systematically measuring and developing a 
mathematical model of the action potential in the giant axon of the Loligo squid.  In a series of five 
papers, the Hodgkin and Huxley model explains the relationship between ionic currents, capacitive 
currents and membrane current densities within a patch of axonal membrane.  The model defines the 
correlation between the Nernst potential for sodium and potassium and their conductances with respect to 
time and with the membrane potential scaled to their gating values.  Using a fitting procedure Hodgkin 
and Huxley created rate equations to solve for these gating time functions.  It has been confirmed that the 
model is consistent with experimental observations of action potentials.  In 1963 Hodgkin and Huxley 
were awarded the Nobel Prize in Physiology and Medicine for their work. 
7.1 History 
 The Hodgkin-Huxley model is a culmination of A.L. Hodgkin and A.F. Huxley’s work done in 
the 1950’s.  Hodgkin and Huxley wrote a series of five papers that were published in the Journal of 
Physiology.  These papers document their experiments used to determine the characteristics and 
mechanisms that govern the movement of ions within a nerve cell during an action potential.  Hodgkin 
and Huxley were awarded the Nobel Prize in Physiology or Medicine 1963, “for their discoveries 
concerning the ionic mechanisms involved in excitation and inhibition in the peripheral and central 
portions of the nerve cell membrane”.  The first paper, “Measurement of Current-Voltage Relations in the 
Membrane of the Giant Axon of Loligo”, examined the function of a neuron membrane under steady state 
conditions and outlined the experimental methods used in subsequent papers for their analysis [9].  The 
second paper, “Currents Carried by Sodium and Potassium Ions Through the Membrane of the Giant 
Axon of Loligo”, described the effects of changes in sodium concentration on the action potential and 
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how the ionic current was distributed into sodium and potassium currents [7].  The third paper, “The 
Components of Membrane Conductance in the Giant Axon of Loligo”, examined the effect of sudden 
potential changes on the action potential [8].  The fourth paper, “The Dual Effect of Membrane Potential 
on Sodium Conductance in the Giant Axon of the Loligo”, outlined how the inactivation process reduces 
sodium permeability during the transition between the depolarization phase and repolarization phase of an 
action potential [6].  The final paper, “A Quantitative Description of Membrane Current and Its 
Application to Conduction and Excitation in Nerve” combined all the information from the previous 
papers and integrated the information into a mathematical model [5]. 
7.2 Mathematical Description  
 The Hodgkin-Huxley Model is base on the idea that the electrical properties of a segmented nerve 
membrane can be modeled by an equivalent circuit as shown in figure 7.1 below. 
Figure 7.1. Hodgkin-Huxley equivalent circuit diagram [10]. 
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The model explains the relationship between ionic currents (sodium, potassium and leakage), capacitive 
currents and current densities within a patch of axonal membrane.  This relationship is defined by: 
                  
where Jm, Jc, JNa, JK, and JL are the membrane, capacitance, sodium, potassium and leakage current 
densities, respectively.  This equation can be rewritten using the Ohm’s Law and constitutive law for the 
membrane capacitance as: 
      
   
  
                                 
where Cm is the membrane capacitance; gK, gNa, gL are the conductances and Vm, VK, VNa, and VL are the 
equilibrium potentials.  The Nernst equilibrium equations are used to define the sodium and potassium 
potentials.  
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Where Vion is the Nernst potential for the specific ion; R is the molar gas constant; T is the absolute 
temperature and F is Faraday’s constant.  Units can be found in table 7.1.  The variables [CNa]i and 
[CNa]o are the intracellular and extracellular sodium ion concentrations respectively.   
Referring back to figure 7.1, it can be seen that the cell membrane potential, modeled by this equivalent 
circuit, is dependent on the ionic currents due to sodium and potassium.  All the other currents are called 
leakage currents IL; the leakage equilibrium potential is a constant, -49.0E-3mV [4].  The sodium and 
potassium conductances are defined by the equations below. 
                
                                
         
Where   Na and   K are the maximal sodium conductances and m, h, and n are the gating variables.  During 
their experiments, Hodgkin and Huxley realized that a more sigmoidal time course could be generated if 
they considered the conductances to be proportional to a higher power of n.  Using a fitting procedure of 
powers they found n to the 4
th
 power to be a reasonable fit for potassium and m to the 3
rd
 power for 
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sodium [10].  The leakage conductance, gL is another constant, 0.3E-3 S.  The corresponding rate 
equations for the gating variables are as follows. 
  
  
                   
  
  
                
  
  
               
The α and β are rate constants which describe the rate at which the gating particle moves from the inside 
of the cell membrane to the outside.  These equations define the net rate of change in the m, n and h gates 
by relating the rate at which particles move from the inner to the outer face of the membrane, α, and the 
rate at which particle move from the outer to the inner face of the membrane, β [1].  Hodgkin and Huxley 
fit the rate constants to expressions based on the membrane potential [5].  The rate equations, as a 
function of membrane potential, are 
     
            
              
        
            
           
                 
 
               
 
         
            
              
          
               
The m, h and n differential equations can also be written in terms of a time constant,    and final value, 
  .  The equations for the individual gates using the time constants and final values are as follows 
  
  
  
    
  
           
  
  
  
     
  
           
  
  
  
    
  
 
    
  
     
            
  
     
            
  
     
            
The Hodgkin-Huxley model for a patch of axonal membrane is comprised of these equations and 
the parameters listed in table 7.1 [4]. 
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Element 
 
Value Units 
Membrane capacitance per unit area    1.0E-6 
 
     
Intracellular sodium ion concentration        50.0E-3 mol/L 
Extracellular sodium ion concentration        491.0E-3 mol/L 
Intracellular potassium ion concentration       400.0E-3 mol/L 
Extracellular potassium ion concentration       20.11E-3 mol/L 
Maximum sodium conductance per unit area     120.0E-3 
 
     
Maximum potassium conductance per unit area    36.0E-3 
 
     
Leakage conductance per unit area    0.3E-3 
 
     
Leakage potential    -49.0E-3 mV 
Table 7.1. Numerical Parameters for the Hodgkin-Huxley Model [4]. 
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CHAPTER 8 
LEECH ANATOMY AND DISSECTION PROTOCOL 
 Before there can be any discussion of the dissection protocol and electrophysiology experiment 
there must be an understanding of the anatomy of a medicinal leech and why it has been chosen for this 
experiment.  In 1981, Kenneth J. Muller, John G. Nicholls, and Ganther S. Stent mapped out the complete 
anatomy of the leech and created an atlas of the neurons [11; 12].  Their work will be helpful in 
understanding the medicinal leech anatomy and its purpose in this experiment. 
8.1 The Leech Anatomy 
 Leeches are annelids, segmented worms with a fixed number of segments (32).  The four most 
anterior segments are fused together to form the head and seven most posterior segments are fused to 
form the tail.  The 21 remaining segments are unfused and form the midbody.  The midbody is subdivided 
into circumferential rings, or annuli, five rings per segment.  Below the skin there are three layers of 
muscle, the outermost layer consists of circular muscles, the intermediate layer is oblique muscles and the 
inner muscles are the longitudinal muscles [11; 12].  The longitudinal muscles’ pharmacology shows 
many similarities to vertebrate skeletal muscles and has been shown to have the same synaptic 
neurotransmitter as vertebrates, acetylcholine [14].  These three muscle sets aid in the contraction and 
relaxation of the leech body.   Figure 8.1 diagrams the leech anatomy. 
 The leech nervous system is much like the segmented body; it has a ventral nerve cord with 32 
segmentally iterated ganglia.  The four most anterior ganglia are fused to form the brain and the seven 
most posterior ganglia form the posterior brain.  The ganglia are connected via the Faivre’s nerve and two 
pairs of lateral connective roots or processes emerge from either side of each ganglion.  Each pair of 
connective roots controls one segment or five circumferential rings by synaptic transmission [11; 12].  
This can be seen in figure 8.2.  
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Figure 8.1. Segmented leech muscle types [12].  
 
Figure 8.2. Segmented leech nervous system [12]. 
 Each ganglion is bilaterally symmetric with just a few unpaired cells that send signals to the 
Faivre’s nerve [12].  The midbody ganglia have been mapped, and about one quarter of the neurons in the 
ganglia have been identified, based on their function.  Some of the major cells that have been identified 
include the mechanosensory cells, the T cell for touch, P cell for pressure, N cell for nociceptor and L for 
the motor neuron.  For the purpose of the experiment described in this study, we will focus on the L-cell.  
The L cell is the excitor of dorsal and ventral and longitudinal muscles.  Figure 8.3 shows the dorsal 
aspect of a ganglion; the L cells are highlighted. 
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Figure 8.3. Cell atlas: dorsal aspect of leech ganglion with highlighted L cells [12]. 
 The medicinal leech has longitudinal muscle fibers that pharmacologically and physiologically 
behave the same as invertebrate skeletal muscle fibers do.  The leech nervous system is simplistic but acts 
and functions the same way as vertebrate nervous systems.  These properties make the medicinal leech 
appropriate for this and similar experiments [13-16]. 
8.2 Leech Muscle Wall and Ganglia Extraction 
 This portion of the dissertation will discuss the dissection protocol in a step-by-step manner so 
that another individual could perform the same procedure.  Details will be given as to why certain 
approaches are taken and how they optimize the electrophysiology.  The necessary equipment is listed 
below. 
Surgical Scalpel  Surgical Tweezers  
Surgical Scissors  Push Pins 
Micro Pins (approximately 5mm and 10mm) Tongs  
Silicon Filled Petri Dishes (large and small) Light Source 
Microscope Ringer’s Solution (pH 7.4) 
Paper Towels Leeches 
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Procedure: 
I.  Leech Prep. 
a) Place a leech on the large silicon filled petri dish.  Using the tongs, hold the leech still and pin 
its head down with a push pin towards the edge of the petri dish.  With another push pin 
stretch the leech’s posterior sucker to the opposite end of the petri dish, making the leech as 
taut as possible.  Completely cover the leech in ringer’s solution. 
b) Pin a taut rectangle approximately 20mm long and approximately 10mm from the posterior 
sucker or about seven ganglions from the posterior sucker.  Place the pins as close to the edge 
of the leech’s skin as possible. 
c) At the two pins near the posterior sucker, make an incision from one pin to the other on either 
side of the leech.  Then cut up the middle of the leech to the other set of pins and across to 
each pin.  If all the underlying tissue has been cut, the incision should lay open exposing the 
ventral nerve cord. 
d) Use the four pins that are in the leech already to stretch out the flaps of skin into another 
rectangle. If necessary use a paper towel to soak up any excess blood.  See figure 8.4.  
 
Figure 8.4. First incision and pin out of leech dissection. 
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II. Ganglia and Muscle Wall Prep. 
a) Find a ganglion that is still intact and has easy access. 
b) Begin pulling and cutting away the white tissue that protects and covers the ventral nerve 
cord and organs.  After clearing the white tissues, gently pick away the transparent tissues 
and green fibers that cover the muscle wall and roots.  The roots extending from the ganglia 
will become visible.  Clear as much away as possible without damaging or detaching the 
roots. 
c) Carefully pull away the green fibers that cover the ganglia to fully expose it.  Again, avoid 
breaking or damaging the roots. 
d) Cut the ventral nerve cord on either side of the ganglia, leaving enough to pin the ends later.  
Also, cut the opposite roots, thus allowing the ganglia to hang from the roots still attached to 
the muscle wall.  Figure 8.5 shows this. 
 
Figure 8.5. Ganglia and muscle wall prep in leech dissection. 
III. Ganglia and Muscle Wall Extraction      
a) Gently fold the ganglia over onto the muscle wall that still has the roots attached.  This moves 
the ganglia out of the way and prevents damaging it when cutting away the muscle wall.   
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b) Look to see what region the roots are attached to and pin out a rectangle long enough to 
include one segment or five to seven annuli of the muscle wall around the roots.  Pin from the 
edge of the muscle wall to the horizontal line where the ventral nerve cord used to lie.  Refer 
to figure 8.6.  The roots may not line up with the ganglia, so it is important to cut the segment 
around the roots and not necessarily around the ganglia. 
 
Figure 8.6. Muscle wall pin configuration for leech dissection. 
c) Using the scalpel, cut out the rectangle on the outside of the pins. Cutting outside the pins 
allows the pins to hold the rectangular shape of the piece of muscle wall being extracted. 
d) Move the rectangular piece of muscle wall into the smaller petri dish.  If possible, keep the 
pins in the muscle wall while moving it; this helps keep the desired rectangular shape.  
Remoisten the extraction with Ringer’s solution. 
IV. Pinning Out the Ganglia and Muscle Wall 
a) Stretch the muscle wall as much as possible without tearing it.  Add a pin on either side 
vertically to stretch the center.  
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b) Unfold the ganglia allowing it to float in the ringer’s solutions.  Pin out the ganglia, dorsal 
side up, placing a pin in each connective and in the disconnected roots creating a cross shape.  
Avoid pulling the connected roots too taut.  See figure 8.7. 
c) Pull the edged of the muscle wall closest to the ganglia towards the ganglia and pin it with 
one or two of the 5mm micro pins.  
d) Look to see where the roots are attached and use the 5mm micro pins to create a smaller 
rectangle around the roots.  Do not pin the roots.  This helps prevent the muscle wall from 
contracting.  If the muscle contracts while trying to obtain recordings, it can cause problems 
in maintaining contact between the muscle fiber and the associated micropipette.  
e) Replace the push pins with the 10mm micro pins.  First insert the micro pin near the push pin 
and use tweezers to hold down the muscle wall around the push pin while pulling the push 
pin out.  Repeat this procedure until all the push pins are removed.  See figure 8.7. 
 
Figure 8.7. Final ganglia and muscle wall pin out in leech dissection. 
The leech preparation is crucial for successful physiological recordings. 
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CHAPTER 9 
ELECTROPHYSIOLOGY OVERVIEW AND EXPERIMENTAL SET-UP 
 In order to understand the mechanics of this experiment there must be some understanding of the 
different types of sharp electrode electrophysiology experiments.  Electrophysiology is a branch of 
physiology that studies the flow of ions in biological cells and tissues. It involves electrical recording 
techniques that allows for the measurement of these ionic currents, or the membrane potential.  There 
several electrophysiology experimental configurations including current clamp, voltage clamp, and 
discontinuous single electrode voltage clamp (dSEVC).  The main types of electrodes used in sharp 
electrode electrophysiology consist of glass pipettes filled with a high concentration salt solution such as 
a potassium chloride solution.  There are various electrophysiology methods and applications, but a single 
cell experiment will be discussed in this dissertation.  A combination of current clamp, voltage clamp and 
dSEVC were used in this experiment utilizing sharp micropipette electrodes. 
9.1 Current Clamp, Voltage Clamp and dSEVC Overview 
 The membrane potential changes the response of ion channel function in three independent ways. 
1) The ion flow through the ion channel changes because of the changing driving force, 
2) Many ion channels are voltage dependent and have gating mechanisms that responds to 
potential changes.  
3) Some ion channels have ion flow restricted at certain membrane potentials by cytosolic 
factors [17].    
It is therefore desirable to either control the membrane potential and record the membrane current, or 
control the membrane current and measure the potential. 
 When the applied current is injected or removed as a function of time and the membrane potential 
is measured, the technique is referred to as a current clamp.  The current is applied to monitor and induce 
changes in the membrane potential.  Current clamp does not require a feedback system and small currents 
40 
 
can be injected through a single micropipette.  The injected current flows down the electrode into the cell 
to depolarize the membrane or is pulled out of the cell to hyperpolarize the membrane [18].  Figure 9.1 
show the current clamp configuration. 
 
Figure 9.1. Current clamp circuit configuration [18]. 
Controlling the membrane potential as a function of time is referred to as a voltage clamp 
technique.  A voltage clamp is applied through an electronic feedback system where a potential is 
measured and compared to a predetermined potential called the command voltage set by the 
experimenter.  Any deviation of the membrane potential from the command voltage is corrected by 
current injection.  The amount of current injected is equivalent to the ionic current flowing across the cell 
membrane.  There are two commonly used methods of voltage clamping, 1) two electrode voltage clamp 
and 2) discontinuous single electrode voltage clamp.  The two electrode voltage clamp method uses two 
electrodes, one to pass current and one to record the voltage [18].  Figure 9.2 shows the two electrode 
voltage clamp circuit configuration. 
   
41 
 
 
Figure 9.2. Two electrode voltage clamp circuit configuration [18]. 
Figure 9.3. Block diagram of two electrode voltage clamp circuit [1]. 
 Figure 9.3 is a block diagram that can be used to further describe a voltage clamp circuit in figure 
9.2.  As shown in figure 9.3, two thin wires are inserted into an axon or cell.  One wire is used to measure 
the membrane potential and is connected to one of the inputs of the voltage clamp amplifier.  The other 
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wire is used to pass current into the axon and is connected to the output of the voltage-clamp amplifier.  
The other input of the amplifier is connected to a voltage source set at the predetermined command 
voltage.  By inserting a current meter into the output line of the amplifier, it is possible to measure the 
amount of current that the amplifier is injecting to keep the membrane voltage equal to the command 
voltage.  This allows the experimenter to obtain the current response in the cell, or for this experiment, the 
muscle fibers.  
Traditional voltage clamp methods require two electrodes which can be difficult, if not 
impossible, to use for small single cell recordings without damaging the cell because the cells are long 
and slender.  Discontinuous single electrode voltage clamp (dSEVC) is a version of voltage clamp that 
utilizes one electrode, which makes it applicable for single cell recordings and this technique was used in 
this experiment.  Figure 9.4 can be referenced for the following description of dSEVC.  
Figure 9.4. dSEVC block diagram [22]. 
In this system a switch is used to inject pulses of current through a microelectrode and sample the 
resultant membrane potential between pulses.  The sampling of the resultant membrane potential 
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maintains the command voltage set by the experimenter for the voltage clamp configurations.  The block 
diagram in figure 9.4 shows a single electrode that penetrates the cell and the potential recorded (Vp) is 
buffered through A1.  Assuming Vp is initially equal to the membrane potential (Vm), Vm is sampled 
through a sample and hold circuit (SH1) producing and holding Vms.  Vms is compared to the command 
voltage Vcmd in a differential amplifier, A2.  When switch S1 is in the current passing position the output 
of A2 is input into the controlled-current source (CCS).  The CCS injects current into the micropipette, 
causing a rise in Vp.  The rate of rise is limited by the parasitic capacitance in the glass pipette and the 
capacitance at the input of the buffer amplifier.  Vp consists mostly of the IR drop across the micropipette 
and a small fraction of Vp is Vm, similar to the drop described in the voltage clamp circuit.  When Vp 
peaks, S1 switches to the voltage recording position, the input at CCS is zero volts, the output current is 
zero and Vp decays toward Vm.  Vms is used for recording purposes [22].  This circuitry employs the same 
voltage clamp circuit as in two electrode clamping but using a feedback system, a switch and amplifiers, 
it only utilizes only one electrode.  
9.2 Equipment Set-Up  
 This experiment utilizes both a current clamp and discontinuous single electrode voltage clamp 
and therefore has a somewhat complex set-up.  Figure 9.6 can be referenced during the description of the 
equipment configuration and set-up.  As shown in figure 9.6, we used a microscope with 40x and 100x 
magnifications, two electrodes, an Axoclamp 900A amplifier, a Digidata 1440A data acquisition unit, two 
oscilloscopes, a Faraday chamber for noise reduction and a computer.  The two electrodes are positioned 
around the microscope so that it is possible to stimulate the preparation while observing it under the 
microscope.  One electrode is configured as a current clamp, and is connected to channel one on the 
amplifier which is connected to channel one on the oscilloscope and the analog input of the data 
acquisition unit.  The second electrode is configured for the dSEVC, and is connected to channel two on 
the amplifier and oscilloscope, and the analog input of the data acquisition unit. Because the traditional 
voltage clamp requires two electrodes, the dSEVC configuration was used so that only one amplifier and 
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two electrodes were needed.  The oscilloscope allows the experimenter to visually see the physiological 
responses in real time while performing the experiment without using the computer to take a recording.  
All of this equipment is inside a Faraday chamber to reduce noise from outside sources during the 
experiment.  The computer is located outside the chamber and is used to take recordings as well as to 
calibrate the equipment.  For more complex experiments it may require two people, one in the chamber 
performing the experiment and one outside the chamber monitoring another oscilloscope and taking 
recordings.  The computer has the software Axoclamp 900A, Clampex 10.2, and Clampfit 10.2.  
Axoclamp is used to calibrate the equipment and electrodes and to monitor the electrode impedance.  
Clampex and Clampfit are used to record the electrical responses and to analyze the results.   
Figure 9.5. Equipment set-up. 
9.2.1 Calibration Procedure 
 The electrodes for this experiment are hollow glass micropipettes that are heated and pulled to 
form sharp tips.  Glass is an insulator so to create the electrical current in the pipette it is necessary to put 
a chloridized silver wire in the pipette with a potassium chloride solution.  Each electrode has a reference 
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electrode in the petri dish to complete the circuit.  The following will be a step-by-step description of the 
electrode calibration procedure.  It is designed so that another individual can perform the same procedure.  
A required equipment list is provided below. 
Two micropipettes (more may be required) Microfill 
Silver Silver-Chloridized wire Petri dish 
3M KCl solution Ringers solution 
Syringe   
 
Procedure: 
I.  Micropipette Preparation 
a) Make sure the amplifier, Axoclamp 900A is turned off for this portion of the procedure.  
Insert a silver silver-chloridized wire in each microscope amplifier electrode head stage.   
b) Fill the syringe with 3M KCl and screw the microfill onto the end of the syringe.  It may be 
necessary to tap the syringe to move any bubbles to the top so they can be pushed out.  
Bubbles in the pipette can alter the impedance.   
c) Insert the microfill into the opening of one of the micropipettes, pushing it all the way in.  
Slowly pull the microfill out while injecting the 3M KCl.  Try to avoid leaving bubbles in the 
micropipette.   
d) Slide the micropipette over the silver silver-chloridized wire and tighten the head stage to 
secure the pipette. 
e) Fill a petri dish about half way with the Ringers solution.  Slowly lower the head stage so that 
the tip of the micropipette is in the ringers solution.  Place the reference electrode in the petri 
dish as well to complete the circuit. 
II.  Micropipette Calibration 
a) Ensure that all equipment, including the amplifier Axoclamp 900A and data acquisition 
Digidata 1440A are turned on.  On the computer, open the Axoclamp 900A software. 
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b) From the Axoclamp 900A software application, select the dSEVC tab for the first head stage. 
c) Check the pipette resistance.  If the pipette resistance is not between 20MΩ and 80MΩ install 
a new micropipette repeating the electrode preparation procedure and the first three steps of 
the micropipette calibration procedure.  Below 20MΩ the pipette is too dull and above 80MΩ 
the pipette is too sharp.   
d) Make sure that Capacitance Compensation and Bridge Balance are both off (i.e. deselected). 
e) Zero the micropipette offset voltage, so that the potential is at zero, positioned on the x-axis. 
f) Turn on the test stimulus pulse train. Adjust the oscilloscope trigger level, time base and 
volts/div as required to observe a single pulse in the pulse train. 
g) Turn on the Capacitance Compensation.  Adjust the Capacitance Compensation until the 
rising edge of the pulse exhibits no RC charging characteristics (i.e. the rising edge is 
straight) and there is a slight single overshoot above the top of the pulse (rabbit ear).  Some 
capacitance exists between all conductive elements in a circuit and is referred to stray 
capacitance, often on the scale of a few picofarads.  An example of this capacitance can be 
seen in figure 9.7 a) b).  When the stray capacitance couples into high impedance points in 
the circuit, like the micropipette, they can interfere with the operation of the circuit.  There 
for it is necessary to calibrate out the capacitance.     
h) Adjust the oscilloscope time base so there are multiple pulses. 
i) Turn on the Bridge Balance.  Click the Bridge Balance Auto Adjust.  Re-adjust the 
oscilloscope volts/div and trigger level as necessary. Manually adjust the Bridge Balance 
until the pulse train waveform shows a flat baseline at approximately zero volts.  Passing 
current through the microelectrode produces a voltage drop across the electrode’s resistance.  
By subtracting the voltage drop, the micropipette current multiplied by the micropipette 
resistance (IRp), from the total voltage (VP), the voltage drop across the electrode’s resistance 
can be removed leaving the membrane potential (Vm).  This method of subtracting is called 
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bridge balancing which essentially calibrates out the micropipette resistance (RP) in the 
electrode to produce a waveform representing the membrane potential.  See figure 9.7 c).   
j) Turn off the test stimulus pulse train. 
k) The pipette is now calibrated.  Repeat this process for the second head stage but for step b) 
set it to current clamp. 
Calibrating the electrodes gets rid of the electrode offset potentials as well as calibrates out the 
pipette capacitance and the pipette series resistance associated with the pipettes.  As shown in figure 9.7, 
the capacitance, series resistance and voltage create a low pass filter.  Calibrating out the capacitance 
creates an open circuit, removing the low pass filter and allowing for the use of a wider range of 
frequencies. 
Figure 9.6.  Capacitance and resistance calibration.  
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CHAPTER 10 
IMPLEMENTATION OF MEDICINAL LEECH PREPARATION 
 This portion of the dissertation will describe the implementation of the medicinal leech 
preparation discussed in chapter 8 to investigate the connection between the motor neuron and muscle 
fiber via sharp electrode electrophysiology.  This section will be written in a manner such that another 
individual could repeat the experiment.  These steps are subsequent to the dissection protocol and 
calibration protocol.      
 10.1 Dissection Preparation Orientation 
 As mentioned in the previous chapter the equipment is configured so that channel one, the left 
head stage is set for dSEVC and channel two, the right head stage is current clamped.  Because the 
equipment is configured this way it is important to make sure the leech preparation is oriented correctly.  
For this experiment, the muscle wall is connected to the dSEVC head stage and the ganglion is current 
clamped.  Recall from chapter five, synaptic transmission, the L-cell in the ganglion, or the motor neuron 
and the muscle fiber are joined by a motor end plate neurotransmitter modulated interface.  Stimulating 
the motor neuron results in a release of the neurotransmitter at the motor end plate, and activates the 
muscle fiber across the chemical synapse.  Therefore, using a current clamp on the ganglion allows the 
experimenter to fix the current waveform and let the voltage across the membrane of the motor neuron 
vary; the voltage response across the membrane is then recorded.  The dSEVC on the muscle wall clamps 
the voltage and allows the experimenter to record the current response in a muscle fiber as a result of the 
current stimulus in the ganglion.  The steps below should be followed to ensure the leech preparation is 
oriented correctly. 
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I.  Preparation Orientation 
a) After calibrating the electrodes replace the petri dish filled with Ringers solution with the 
silicone filled glass petri dish that contains the dissection preparation.  Be sure to lift the 
electrodes out of the solution before replacing the petri dish to avoid breaking the tips. 
b) Slide the dissection preparation dish under the objective.  Turn the dish so that the muscle 
wall is to the left and the ganglion is to the right. 
c) Carefully lower each electrode.  Position the left electrode over the muscle wall and the right 
over the ganglion.  Lower the electrodes until the tips are in the Ringers solution. 
d) Using Axoclamp 900A, check the impedance of the electrode to ensure it is still between 
20MΩ and 80MΩ.  If it is not in this range the electrode could have been broken and needs to 
be replaced.  If necessary replace the electrode and recalibrate it using the calibration 
procedure. 
e) Now using the microscope, zoom in on the preparation.  First use the 4x magnification until it 
is focused, and then use the 10x magnification until it is focused.  Use the micron adjustment 
knobs on the microscope xy positioning platform to bring the electrode tips into view.  It may 
be necessary to move in and out of focus for a while to bring both the electrodes and the 
dissection preparation into view at the same time.  It may not be possible to see both 
electrodes, the muscle wall and ganglion in the same focus view at the same time because the 
preparation is too big.  If this is the case, use the knobs below the platform to move the 
objective side to side and back and forth to see the left electrode over the muscle and right 
electrode over the ganglion. 
The preparation should now be oriented correctly and visible in the objective view. 
10.2 Electrophysiology  
 This part of the experiment takes the longest, is tedious and takes practice, but is the key to the 
experiment.  Here, it is important to get the electrodes in the L-cell in the ganglion, and in a muscle fiber 
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in the muscle wall at the same time to get an accurate recording that demonstrates the electrical 
connection.  The L-cell can be difficult to find but is usually relatively easy to get into.  The muscle fibers 
are more difficult because they tend to twitch and the electrode doesn’t always pierce the fibers, rather it 
simply touches them.  Because the electrode doesn’t pierce the fibers, a recording is not a guarantee and 
there are only a few milliseconds to seconds to get a recording.  This is why it is useful to have two 
people running the experiment.  The steps below should be followed for the best results. 
II.  Electrophysiology Procedure  
a) Make sure Clampex 10.2 is open on the computer. 
b) Now that the preparation is in focus, bring the ganglion into view.  Use the dorsal aspect 
ganglion cell atlas to determine the orientation of the ganglion and L-cell, i.e. the L-cell is on 
the bottom left of the viewing area. 
c) Once the orientation and L-cell location has been determined, use the micron adjustment 
knobs on the microscope platform to move the right electrode over the L-cell.  Rather than 
adjusting the knobs until the electrode pierces the cell, adjust it until it touches the cell then 
tap the knob to pierce the cell.   
d) A drop in the potential on the oscilloscope will indicate that the electrode is in the cell.  Small 
spikes in the potential will show action potentials associated with the electrical activity of the 
L-cell.  Figure 10.1 is an example of what the action potentials should look like. 
Figure 10.1. L-cell action potential 
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e) Make sure the electrode is secure in the cell and is producing consistent action potentials.  
Now move the muscle wall into view. 
f) Use the micron adjustment knobs to position the left electrode between the two ganglion 
roots attached to the muscle fibers.  Figure 10.2 is a drawing that shows approximately where 
the electrode should be positioned for optimal results. 
 
Figure 10.2. Electrode position between ganglion roots   
g) This part can be quite difficult and may take the longest.  Lower the electrode until it touches 
the muscle fibers, and tap the micron adjustment knob to try to get a response.  It may be 
necessary to move the electrode around and repeatedly raise, lower and tap the electrode to 
get a response.  Not all of the muscle fibers are electrically active at the same time so it is 
necessary to find a patch that is currently active and being stimulated by the L-cell.  The 
muscle fibers are stiffer than the membrane around the L-cell, and are harder to pierce. 
h) Similar to the L-cell, there will be a dip in the potential on the oscilloscope when electrode is 
touching or piercing an electrically active muscle fiber, and an action potential will appear 
when the muscle fiber is being stimulated.  Due to the action potential the current flow across 
the membrane can be recorded.  At this point it is important to have a second experimenter 
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sitting at the computer and second oscilloscope outside the Faraday chamber watching for 
these action potentials and taking recordings using Clampex 10.2.  Sometimes these action 
potentials will only occur for a second or two so the recorder must be attentive and taking 
recordings frequently.  The recordings will show whether or not the L-cell and muscle fiber 
are electrically connected.  These results will be discussed in the result section that follows.   
It may be necessary to move back and forth between the ganglion and muscle wall to make sure 
the electrode stays in the L-cell while trying to get into the muscle fibers.  Periodically check the 
impedance on the electrode to make sure it has not been broken.  This part of the experiment is difficult 
and may take several attempts to get an accurate response and recording.  It is important to have patience 
and be willing to maneuver the dissection preparation until electrically excited cells are found.   
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CHAPTER 11 
RESULTS AND CONCLUSION 
 Validation of the preparation and the electrical connection will be discussed here.  All of the 
procedures described in the previous chapters were used to take the recordings below. 
11.1 Results 
 As mentioned in chapter 10, the experimenter will know when they have an electrode in the L-
cell and muscle fiber with an electrical connection between the two when there are corresponding action 
potentials.  Figure 11.1 shows the corresponding action potentials for the L-cell and muscle fibers.  
Remember that the L-cell is current clamped and the muscle fiber is dSEVC, so the top portion of the 
graph named Vm2I_dSEV shows the voltage response to the current pulse injected into the L-cell.  The 
bottom portion of the graph named Im1_dSEVC shows the current response to the voltage clamp and 
current stimulus from the L-cell.  It can be seen that there is an electrical connection between the L-cell 
and muscle fiber because the peeks in each graph line up in time. 
11.2 Conclusion 
This dissection preparation was designed and implemented to facilitate sharp electrode 
electrophysiology experiments that investigate and demonstrate the electrical connection between the 
motor neuron and muscle fibers.  The recording above is only one successful recording of many.  
Considering there were several successful recordings it could be said that the medicinal leech dissection 
preparation is sufficient for demonstrating the electrical connection between the motor neuron (L-cell) 
and muscle fiber.  The entire procedure and experiment have been written so that another individual can 
repeat the experiment step by step and produce the same results.   
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This procedure and experiment can now be used to validate a model of the level of physiological 
threat of organophosphate based neural toxins to an organism’s nervous system.  One experiment might 
involve exposing the motor end plate preparation described in this dissertation to a solution containing 
varying concentrations of an organophosphate based neural toxin, and then measuring the postsynaptic 
electrical response.  This response could then be compared to a simulation model previously published 
[21].  The results from the model can be used to develop a device to detect nerve agents in the 
atmosphere.   
 Figure 11.1. Electrical connection between L-cell and muscle fibers.  The top trace is the action 
potential recorded in the L-cell and the bottom trace is the current transients associated with the 
membrane current in the muscle fibers as a result of the L-cell action potentials. 
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